The usage of this PDF file must comply with the IEICE Provisions on Copyright. The author(s) can distribute this PDF file for research and educational (nonprofit) purposes only. Distribution by anyone other than the author(s) is prohibited. SUMMARY This paper presents a design of the software and hardware modules of an embedded board with both a sensor and an interface circuit which not only control home light-emitting diode (LED) lighting appliances but also reduce their differences in brightness caused by luminous decay. This design consists of four parts: an automatically adjusted LED driver, environment illumination detection, a wireless remote control unit and an automatic brightness control.
Introduction
Some reports consist of a digital addressable lighting interface (DALI) device based on an IEEE 802.15.4 wireless sensor network for a home light system. The home light system integrates both wired and wireless communication to achieve lighting control not only in the home but almost anywhere [1] . Recently, in order to save energy, many outdoor neon signs and indoor LED display devices have been replaced by high-brightness LED components [2] , [3] . In addition to utilizing wire, the control media also includes both infrared and radio frequency (RF). One research project consists of a home light control module for automatic room light detection and control by using a pyroelectric infrared (PIR) sensor and a light sensor with an RF transmission media. Each home with a light control module can communicate with other homes to share illumination information [4] . The disadvantage of traditional LED lighting appliances is the luminous decay difference when these appliances are used for a long time [5] . Because of the quality control difference the result is a LED quality instability, an excessive junction temperature and a high drive current which will cause a LED luminous decay difference [6] , [7] .
To avoid the LED luminous decay difference, one research project proposed lowering the operating current by 10% as an adjustment tolerance which depends on used time, thereby extending the LED's lifetime without any current overdrive. However, if adjustments are made without using a current feedback mechanism, the LED may become excessively light or dark [8] . Therefore, this improved design will be enhanced further by the inclusion of an automatic brightness control to provide for LED brightness fine tuning. The organization of this paper is as follows. Section 2 is a description of the architecture of the home LED light control system. Section 3 shows the hardware of the home LED light control system. Section 4 presents the software of the home LED light control system of this design. Section 5 describes the automatic brightness control design. Section 6 shows the implementation results Section 7 both concludes and summarizes this paper.
The Architecture of the Home LED Light Control System
The system architecture, as shown in Fig. 1 , is divided into several parts: the LED light source, the LED driver, the brightness detecting circuit, the micro controller unit (MCU), the communication unit and the remote embedded controller [9] . This design uses a low power white light LED as the light source because then not only will the resulting brightness fit the requirements, but there will also be a low level of heat dissipation. The LED driver part uses an adjustable constant current source circuit to replace the traditional resistor driven circuit. The controllable constant current source circuit can both receive the pulse width modulation (PWM) signal input and also change the brightness immediately. The detection circuit is divided two parts: the detection of the environment illumination and the detection of the LED brightness. Those brightness levels are measured by both the ambient light sensor (ALS) and the transfer to voltage levels which are sent to the analog-to-digital (ADC) converter. The signals, which have been converted into digital signals, are then transmitted to the MCU to determine the amount of brightness [10] , [11] . In general, with a LED lighting control design, any adjustment of additional brightness is certain to increase both the driven current and the junction temperature in the LED. The result is a decrease of the thermal resistance of the LED which will enter the luminous decay soon when the LED is used for a long time, so that consequently the LED lifetime will be shortened.
This design avoids increasing the LED control current lead in order both to extend the lifetime of a LED and to stabilize its brightness. The result is an increase of the brightness detection feedback circuit which is the automatic brightness control. By means of the ALS brightness which detects different voltage values that are returned to the MCU, the MCU will, in accordance with the size of the brightness, change the output of the PWM Controller to achieve a stable brightness value [12] . The automatic brightness control will be described in more detail later.
The Hardware of the Home LED Light Control System
There are six LED light and detection modules (LDM) in this LED lamp design, as shown in Fig. 2 . An LDM is divided into four parts: a LED array, a dimmable LED driver, an ALS illumination detection and an analog to digital converter (ADC). This design provides controllable constant current sources to drive LEDs by using an efficient and continuous conduction inductive step-down converter for driving multiple series connected LEDs. The MCU can easily adjust the brightness by using the DIM pin with a pulse width modulation (PWM) brightness control signal [13] , [14] . This LDM only adds an ALS sensor to the LDM1 to measure the brightness of the environment. These LDMs share a wireless communication module. The wireless communication module is mainly used to receive brightness data from the embedded controller and to send back the most recent actual brightness value of the LED lamp. This design assumes the maximum current of the LED is 90% of the normal drive in order to avoid luminous decay due to overdrive current. The remaining 10% is for the use of a tolerance that can easily increase or decrease the LED driven current in order to fine-tune the brightness. In general, people use the LED driver which works on an on/off basis, with the LED work current fixed at a certain level. This design adds a feedback signal from the ALS which lets the LDM know the actual brightness of the environment. The calculation and decision by the MCU sends a more accurate controlled PWM pulse than the normal ten-step brightness control signal. This design provides the function of automatically adjusting the LED brightness to that of all the other LEDs [15] - [17] .
The Software in the Remote Embedded System
The remote embedded system can control every LED array by use of the application program. Without the software control, the whole system will remain in the automatic control mode. In this mode, a user adjusts the brightness level of LED arrays through the ALS and MCU. Figure 3 shows the panel screen in the remote embedded system. The user has two choices: to check either the LED lamp state or the single control LED lamp. When the LED is in the checking state, there are six color blocks present in the six LED lamps. The percentage in each color block implies the PWM output level as shown in Fig. 3(a) . There are two buttons that can be selected: "AUTO Mode," or "Saving Mode." By choosing the saving mode, the system will adapt the environment illumination to reduce 20% of the LED brightness to save energy. When the auto mode is chosen the system will return to the non-embedded control state. There is an "X" sign in the middle-right side of Fig. 3 (a) which indicates that a LED lamp is either not connected or broken. The user can manually control every LED lamp that just only touches the color blocks and enter the single control mode shown in Fig. 3(b) . This mode will let the user manually adjust the unique LED brightness, who then will just slide the control bar in the middle screen or enter the desired percentage of brightness in the text area. Figure 4 shows the automatic mode (Auto Mode) flowchart whereby the system first reads the brightness of each LED lamp and then compares its brightness with that of the other lamps. If the brightness of the other LED lamps is greater than that of any other LED lamps, the system decreases the brightness of the brighter LED lamp in order to reduce the current of the drive circuit output; conversely the system increases the darker LED lamp's brightness to increase the current of the output current drive. This de- Fig. 3 User interface of the remote embedded system. sign prevents any LED lamp from reaching its maximum brightness and avoids the overdrive region. When the adjustments have been completed, the system then leaves the Auto Mode.
Automatic Brightness Control Design
In a study that proposed a scanning approach in a LED array, the authors use a driver to scan the backlight system [18] . In this design, there are 120 LEDs in a LED lamp. In an early design the authors only used a driver circuit to drive the LED lamp which was parallel to those LED in ten sets. Each set included 12 LEDs. There are some regions in a LED lamp which will have different luminous decay effects when used for a long time. In order to maintain the same brightness each LED set has to have both a driver and a brightness detection circuit.
An automatic brightness control (ABC) is a brightness pre-processing circuit which normalizes the output of the LED driver either by increasing or by reducing the duty cycle of the PWM controller to match a preset brightness level so that the driver output current level is virtually constant [19] - [21] .
According to the LED manufacturer manual this design will utilize a 120 degree angle surface mount LED at the room temperature of 25
• C to attain the highest brightness possible only in front of the LED, and the brightness will be reduced with a changed angle. When the angle is 60 degrees, the brightness will be measured as only 80% of the original brightness that will show on Fig. 5(a) .
Refer to Eq. (1), that defines the height between the sensor (ALS) and the LED. The distance with the LED as furthest as possible will be calculated as shown in Fig. 5(b) . The lamp design references the specifications of a standard T8 lamp. Thus an inner diameter of 1 inch (24.5 mm), as shown in Fig. 5(c) can be obtained if the distance is less than 24.5 mm, by deducting the distance of the circuit board. This design assumes the height is equal to 2 cm. The minimum distance which is referred in Eq.
(1) will be calculated as d = h tan θ = 2 cm tan 30 • = 3.46 cm. Therefore, this design has six sets of measurement circuits. This design assumes that each group of LEDs is a single light source. On a single set consisting of a LED brightness measurement and a driver board, the MCU brightness control for a group of 8 bits uses the PWM method to control the brightness which is presented as B, by the value of 0 which is the brightness (darkest) adjusted to a value of 255 (brightest). Through ALS measurements obtained after the brightness value B ′ = (0.8 × B) + ∆B, theoretically the value will be equal. Here, the design maintains a small luminous decay different, but because the LED has been used for a period of time, there will be a number of different luminance values such as the luminance decay that causes the term of ∆B = B − (1.25 × B ′ ), so as it is really necessary to add ∆B to the control term, the original brightness control value becomes1.25B ′ + ∆B. A traditional analog brightness control can be accurate, but if a single LED brightness measurement and driver board is duplicated to six groups, each separate module measured from the brightness will be different. The digital brightness control can be designed as a result of a number of differences just mentioned respectively for each board's amendment group.
Refer to Eq. (2), the ideal brightness which is present by which B sum will summarize the entire LED array. But in fact, due to the detection angle, the sensor can only detect 80% of the brightness shown in Fig. 5(a) . The real brightness will be changed to Eq. (3) .
The relationship between B sum and B ′ sum is shown in (4) .
This design follows Eq. (4) coupled with the feedback correction to obtain a uniform brightness of the entire LED array. This design uses the standard LED driving current 35 mA to obtain a maximum brightness. The resolution is 1104 lux/255 steps=4.33 lux/step. Although this data which is used to adjust the brightness is adequate, it is insufficient to use to adjust the phenomenon of the LED luminous decay. So this design makes the bold assumption that 80 to 100% of the maximum brightness is based on individual requirements which usually use a LED in a high brightness environment. Therefore, when the brightness measurement ranges between 80-100% and these ranges subdivide these measurements into 255 levels, the resolution can, therefore, reach 0.86 lux/steps=[1104 lux-(1104 lux × 80%)]/255 steps. If the design is related to the luminous decay effect, the brightness formula B = B ′ + ∆B modified will become B = B ′ + ∆B + ∆B ′ . ∆B ′ represents the difference of the luminous decay affected value.
The ABC acts as a role in the whole system that is just like the function of the fine tuning of a traditional radio. This ABC uses a "feedback" idea in the electronic circuit system which reads the output of the brightness by means of an ALS sensor with ADC and feedbacks the value to the MCU side that is shown in Fig. 6 [22] . This system is not the same as traditional circuits, because it is a digital design. There are two benefits in this design. The first one is that the system only leads to a fixed automatic brightness balance when the system uses a voltage to adjust the PWM circuit which is directly connected to the LED driver [23] . That is the only brightness fixed on a brightness level. It is relatively inconvenient to adjust the brightness of the whole system. Second, the MCU control brightness is read by means of the ALS detected value which converts the measurement to numerical bits of code. The MCU plus differences in the brightness from the original brightness level which directs the output to the LED driver not only can fine-tune the brightness but also can adjust the brightness of the whole system. Moreover, by using digital processing when the feedback value is close to the edge of a critical value the side effect of any light flashes will be ignored.
This design uses an 8 bits ADC to convert the output brightness level of the ALS. If the brightness of the LED lamp is detected up to 1000 lux, with a bit accuracy of only close to 4.33 lux, the accuracy of the difference in brightness may not be good enough when the system enters the luminous decay.
In this design, the brightness measuring will be separated into two parts: the system overall brightness measurements and the luminous decay brightness measurements. As the system does not suddenly cause the luminous decay, the system's brightness becomes gradually darker. The control system only causes segmented automatic tuning brightness when the LED lamp is powered; thus the LED lamp attains its maximum brightness. Therefore, this design sets its range within the range of 80% to 100%, if the maximum brightness of the LED lamp is close to 1100 lux, and if 80-100% of the luminance variation changes from 800 to 1000 lux. The brightness level relates to 8-bits ADC in the Fig. 6 The different block diagram which shows the difference between general lighting control and automatic brightness control.
Fig. 7
The MCU with a current source control circuit and a LED driver board.
ALS. As the 200 lux difference is divided by a level of 256, a bit of accuracy can be reached at 0.86 lux. Thus there is a small chance of the LED light failing.
Implementation Results
As this design uses a constant current source for LEDs, an accurate detection of the brightness level is achieved. Figure 7 shows the use of the feedback control of the microprocessor with both the current source control circuit and the LED driver board. When the users utilize the manual control they can easily change the brightness shown in the left button of Fig. 7 which represents the brightness change from 20% to 92%. Figure 8 shows the LED driver output brightness with the LED driver output current. The blue bar represents an original LED brightness output and the light blue line shows the driven current consumption. This design uses the feedback from the linear ALS signal to detect the brightness, and the MCU easily judges how much output current has to be delivered to the LED driver output in order to control the brightness of the LED. Figure 8 represents two LED lamp brightness measurement data which show examples of the LED both with and without any luminous decay effect. In the same duty cycle PWM output, although the brightness level rises in steps, the slope is not the same. Thus each step has its own different brightness. Therefore, when the user adjusts the brightness, if one does not use the feedback control circuit, the output brightness will not achieve the desired value. Figure 8 shows that the current consumption is not a linear ratio of brightness. The driven current will increase to achieve the same brightness when it activates the ABC system that is adjusted higher than the duty cycle of the PWM. That is the reason why this design initially sets up the 90% PWM duty cycle. Table 1 shows the power consumption of the major modules of this design in the operation mode. There are two test samples. One is for a normal dimmable LED lamp with an 80% brightness on which the LED lamp with a luminous decay effect can maintain the desired brightness. The ADC and the MCU, which consume only 4.8% of the power of the whole system, are both smaller than the LED array and the LED driver.
The light control system is used for 1000 h in this experiment in which the different brightness values are measured as shown in Table 2 . The controlling range is wider when measured without using the ABC system to adjust the brightness. It takes only a 4.33 lux degree of difference for each PWM step. With the ABC design, the 200 lux difference divided by 256 levels provides a bit of accuracy that can be reached at 0.86 lux. In the power consumption of the ABC controller part, when the ABC is not enabled, the LED lamp brightness will follow the memory brightness value unless it receives a brightness control signal from the transmission module to change both the brightness and the sensing circuit. Otherwise, when the ABC design is active, the system always needs to know the brightness information in order to activate the sensing circuit. But as the luminous decay system also has to compensate the driven current, the LED drive current will be high. Compared with when the ABC design is not active, the power consumption percentage of the control circuit is lower than when the ABC is not enabled. In other words, the control system adds small amounts of control current, and increases the LED driver current to maintain the same brightness by reducing the difference of the luminous decay.
Conclusion
To avoid differences in the LED luminous decay this design uses sensor detection, wireless control unit, feedback and automatic fine-tuning of the LED driver current by means of this software module, and thus achieves a uniform brightness of the LEDs. In this design, the automatic brightness control obtains the digital step of the brightness levels and the digital controller only consumes 4.8% of the power of the system in order to attain the digital fine-tuning of the uniform luminous decay of all LEDs in a LED array.
